Abstract. The US Federal Reserve Board has concluded that the failure of civil infrastructure systems to perform at their expected level may reduce the national gross domestic product (GDP) by as much as 1%. Intelligent-infrastructure systems and components hold promise for improving performance with an excellent cost/benefit ratio. A recent National Science Foundation (NSF) workshop demonstrated the state of the art in research and applications on intelligent materials and structures in Japan and the US. Major investments have been made by the leading Japanese construction companies into developments for enabling intelligent-structure applications for mitigating earthquake and wind damage. A number of innovative concepts and ideas have been developed by American researchers; however, a lack of applications has also become apparent.
Introduction

Definition of intelligent systems
Since the early 1980s, many government agencies, industries and universities have contributed to our current awareness of the problems related to civil infrastructure systems. We now recognize that infrastructure is a set of complex, intertwined systems, and that a lack of performance of these systems significantly impacts the nation's gross domestic product (GDP) by as much as 1% annually. The Federal Highway Administration (FHWA) estimates that nearly half of the bridge inventory is deficient due to either structural or traffic inadequacies, and that a $90 billion backlog of bridge maintenance exists; that traffic congestion wastes 1.4 billion gallons of gas and 1.2 billion person-hours each year; and that transportation delays add $7.6 billion annually to the cost of goods made in the US [1] . Similar statistics are available characterizing the effect of under-performance in other components of civil infrastructure. Consequently, the economic well-being of the nation and the safety of our citizens, as well as our quality of life, are all being adversely impacted. There is a consensus that innovations in the financing, management and technologies used in the operation and maintenance of civil infrastructure are the key to improving performance with the current level of spending. Organizational effectiveness, objective condition assessment, reliability evaluation and renewal engineering are areas where research and fundamental knowledge is needed, according to the NSF [2] .
One such area of innovation which has been suggested is the development of intelligent infrastructure. While no consensus definition of intelligent infrastructure has been formulated, based on an analogy with biological systems we expect such a system to: (a) sense its loading environment, as well as its own responses and any ongoing deterioration and damage; (b) reason by assessing its condition, health, capacity and performance needs and the actual performance that is being delivered; (c) communicate through proper interfaces with other components and systems, including human managers; (d) learn from experience as well as by interfacing with humans for heuristic and mechanistic knowledge; (e) decide and take action for alerting officials, diverting users, structural control, self-repair, closure etc. Thus, at a minimum, intelligent infrastructure consists of an integrated package which incorporates the physical infrastructure system, a monitoring system consisting of sensors, data acquisition, control and communications hardware and all associated software necessary to implement the above functions. The development and implementation of such intelligent infrastructure systems would provide cost savings and offer the potential of increased performance through their autonomous operation as well as their ability to provide the documentation and data necessary to support infrastructure management and decision making in a rational, objective and, hence, more efficient manner.
Current state of the practice
Existing methods for infrastructure management are based on subjective information about system condition coupled with outdated, untested or worse, invalid assumptions about system behavior and performance and their relationship to damage, deterioration and defects. For example, since 1971, conditions of highway bridges have been expressed in terms of subjective indices which are based on visual inspections [3, 4] . Establishing the global state of health of infrastructure components and systems accurately and objectively has been identified as a critical need for effective infrastructure management [1, 2] . Comparing this state of the practice with the above vision of intelligent infrastructure, we recognize that the path to truly intelligent infrastructure systems with all of the above capabilities requires the generation of significant fundamental knowledge, technological innovation and the education of a new breed of engineers more capable of working cross-disciplinarily.
Current research and applications of structural-control and intelligent systems in Japan are based on limited capabilities in (a) and (e) for buildings or bridges in a building-specific or bridge-specific manner (i.e., in a custom, one-of-a-kind manner). In the US, the state of research is quite fragmented. While many innovative ideas for devices and algorithms for enabling active, passive and hybrid structural control are being researched, there has been only minimal effort towards the integration of (a)-(e) in real-life scenarios. Rather, only bits and pieces of the problem have been studied.
For example, in the case of bridges, instrumented monitoring for the purposes of health/condition assessment has been an ongoing topic of research for just under a decade [5] [6] [7] [8] [9] [10] . These studies have explored various aspects of the monitoring problem (such as intermittent versus continuous monitoring [5, 6] , long term versus short term monitoring [7] [8] [9] , and local versus global response measurement [7, 10] ). However, this work has tended to either focus on (a)-(e) using simulation and/or laboratory based experiments as the basis for study, or focus on isolated components (primarily (a), and to some extent (c)) using full scale field experiments. In fact, many of the latter experiments/studies have since reported difficulties in interpreting the data obtained [6] . But this is precisely (b) and (d) above. It is therefore the writers' belief that the new knowledge and technologies needed for intelligent infrastructure are best explored within the framework of integration and application-oriented research, and by utilizing actual operating infrastructure so that ideas can be tested in a field setting.
Objectives
By conducting research on actual buildings and bridges as generic infrastructure components, the writers have reached a certain level of understanding of the issues and problems that have to be resolved for successful intelligent infrastructure applications. The first objective of this paper is to review the technologies, concepts, strategies and policies which are needed for a breakthrough in intelligentinfrastructure applications.
The second objective is to discuss the ongoing research on three active test-sites in order to create an intelligent highway bridge as a demonstration project. One of the test sites corresponds to a typical steel-stringer overpass, and is being constructed with 300 embedded/attached sensors, a weather station and a weigh-in-motion scale. This site is designed to become an intelligent prototype highway bridge with all of the capabilities (a)-(e) described above.
Technologies, concepts, strategies, and policies
Fundamental unknowns and technology barriers
Bridging the gap between the current state of the practice and the vision and potential offered by an intelligent-infrastructure approach requires both the study and exploration of certain fundamental issues as well as the mitigation of several technological barriers. In particular, in order to design and implement an intelligentinfrastructure system possessing the capabilities (a)-(e) described above, one must first clearly understand the mechanisms affecting infrastructure performance and be able to measure variables/parameters sufficient to characterize these mechanisms. It is only after this level of achievement is attained that we will be able to assemble/assimilate this information into the algorithms (with associated hardware and software) necessary to automatically and autonomously sift through the incoming data, process them, and act upon them. Of course, all of this must be done in a reliable, cost-effective manner with a minimum of false alarms, etc.
Based on the above line of thought, the first problem which arises in the design process for intelligentinfrastructure systems is the fact that at the current time large pieces of this puzzle are missing or incomplete. In the case of bridges, fundamental unknowns include:
• quantitative knowledge of the as-built state parameters (e.g., initial stresses, strains and displacements, local and global stiffness) and their variation at different limit-states and over time;
• clear and quantitative definitions for the most suitable choices for performance parameters (e.g., functionality, serviceability, safety, life-cycle cost etc) and a characterization of the relationships that exist between the state and performance parameters;
• clear and complete understanding of the loading environment (including intrinsic loads) and defects, deterioration and damage mechanisms which influence the state of force in a bridge, lead to changes in state parameters and/or affect performance;
• actual capacities of load-resisting mechanisms and how the capacities and failure mechanisms are affected by various types of defect, deterioration and damage;
• rational and feasibly measurable condition-anddamage indices sensitive to damage-related changes in state properties, insensitive to non-damage-related changes in state properties and that correlate to the capacity of loadresisting mechanisms and performance.
Coupled with these are several barriers/limitations of a technological nature. These include:
• limitations in sensor and data-acquisition technologies coupled with foolproof procedures and methods in field experimentation necessary to obtain reliable, accurate data/information;
• limitations in information technology applications to infrastructure monitoring, particularly in the design of interfaces and databases for the proper archival, presentation and interpretation of large numbers of multifaceted data. For example, effective integration of the accumulated heuristic knowledge and experience on bridge engineering together with mechanistic models and experimental measurements has yet to be achieved.
Concepts for forming a new paradigm in infrastructure management
The writers, by integrating their multidisciplinary backgrounds and expertise in civil-structural, mechanical and electrical-computer engineering, are currently working to contribute to the mitigation of the technological barriers listed above. In addition, they are working to develop the following set of concepts and tools necessary for exploring the fundamental unknowns listed above.
Global condition assessment is a method for characterizing the state of a structure objectively by using advanced engineering analysis coupled with actual experimental data obtained from the structure, as outlined in figure 1 [4] . It is based on the structural identification (St-ID) concept, employing modal testing and instrumented monitoring as principal experimental tools. The test results are directed towards capturing flexibility in terms of various temporal and spatial resolutions. The monitoring of temporal/spatial changes in flexibility has been demonstrated to be a quantitative, comprehensive and damage-sensitive kernel signature. In addition, such an approach permits virtual loading of a bridge in a variety of patterns and using the corresponding deflected shapes as conceptual condition indices [11] [12] [13] [14] [15] . It is possible to obtain flexibility in terms of a fine spatial resolution by modal testing, enabling condition evaluation at the regional or element level. Flexibility may be measured more practically, however, only in terms of sparsely distributed coordinates by contact or non-contact displacement measurement techniques during diagnostic truck-load tests. Falling-weight deflectometer applications or conversion of strain, acceleration and tilt measurements obtained during instrumented monitoring offer promise as well.
Coupled with the concept of global objective condition assessment is the concept of failure-mode analysis. Failuremode analysis is the generation of cause-and-effect relations through a combination of simulation and heuristics, leading to an understanding of how defects, damage and deterioration mechanisms may affect structural performance and reliability at different limit states. Establishment of such cause-and-effect relationships is recognized as a key for effective renewal, as it is not meaningful to treat symptoms without understanding and mitigating their root cause.
A thorough understanding of the concepts of structural identification and failure-mode analysis holds the key to the establishment of structural reliability. Structural reliability is a rational projection of current conditions and performance into the future. Such projections are currently made by empirical or purely hypothetical models in management tools such as PONTIS [16] . A rational evaluation of structural reliability requires establishment all of the critical capacity-demand relationships expected throughout the service life, and recognizing the impacts of maintenance on future conditions. It is clearly a critical component of any rational, objective, optimized approach to infrastructure management. While time-based structural reliability formulations are well suited for rare, extreme events which lead to damage and failure limitstates, symptom-based reliability formulations have been shown to hold great promise for health monitoring at the serviceability limit-state [17] .
Global objective condition assessment, structural identification, failure-mode analysis and structural reliability are concepts that are currently foreign to most bridge engineers and managers, but they hold the promise for developing and implementing innovative strategies for effective, optimal management.
Type-specific infrastructure management strategy
Type-specific management is a strategy advocated by the writers for a practical evaluation of the nation's bridge inventory. In the current inspection and inventory practice, bridges are broadly classified as reinforced concrete deckon-steel girders (also known as steel-stringer bridges), concrete slab, steel-truss etc.
Experienced engineers also base their decisions on a heuristic approach which recognizes the typical behavior patterns and problems of each bridge category. However, in design, construction, inspection, evaluation, maintenance and management, the prevailing approach is that 'every bridge is a different and unique structure'.
The writers' research indicates that accurate and complete structural identification does lead to powerful and reliable simulation capabilities, permitting an understanding of the principal design, construction and maintenance attributes that influence state and performance characteristics and their interrelationships for a broad class of bridges such as steel-stringer etc. Therefore, it appears possible to rationally classify (for example, steel-stringer) bridges into several groups of like behavior, based on the most critical attributes that govern their behavior. For example, the relative contributions of the reinforced concrete slab, composite action between the slab and the steel girders, the girders, the cross-frames and the end-restraints to the global stiffness of a bridge have been observed as critical kernel parameters which govern the serviceability limit-state behavior and performance [13] . Once such parameters are established, it will be possible to represent a bridge population of many thousands in terms of a statistical sample of perhaps only 30 for further study.
Therefore, once the principal structural attributes are understood, as well as how these relate to behavior and performance of different groups, each group can be represented by the selection of a statistical population [13] . The statistical population could be rigorously tested and studied, and practical techniques for type-specific condition assessment, evaluation and maintenance can be developed for the entire population. In this manner, we can examine, rationalize and take full advantage of the heuristic knowledge-base we have accumulated on bridge behavior through the National Bridge Inspection Program since its inception. Naturally, there will be many bridges which are unique, and these would have to be managed in a bridgespecific manner following their structural identification.
Indeed, the need to identify significant numbers of operating infrastructure components in a timely manner has motivated the writers to design and develop a fieldlaboratory which would contain and transport the hardware and software necessary for a comprehensive and accurate structural identification of a constructed facility to the field, and to serve as an on-site laboratory [4] . This laboratory will enable a team of two PhD-level engineers, supported by a technician, to execute modal and/or diagnostic truckload testing of a typical 300 feet long multispan bridge and generate an accurate finite-element characterization of the facility within three days. Assuming one application per week and about 30 weeks of field-operations a year, it would be possible to conduct structural identification of a sizable sample population each year.
Organizational and policy needs for successful infrastructure research and development
The concepts and strategies described above, together with enabling technological innovations, are examples of how some of the current infrastructure system operations can be rationalized, rendered more effective and optimized. Obviously, it is not possible to develop a global understanding of the problem by fragmented research on just technology, or just the exploration of fundamental knowledge. The hierarchy of and linkages between the concepts, strategies and technology should be clearly understood before brilliant ideas on a new technology can bear fruit. Most NSF, FHWA, National Institute of Standards and Technology (NIST) and similar federal agency initiatives on infrastructure are oriented towards projects which have potential for incremental innovation. However, unless the problem of infrastructure is approached in a Manhattan Project spirit and context, it is impossible to address the problem with the global scope that is needed for meaningful breakthroughs.
The key to developing a research organization and agenda which will make a breakthrough in the realization of intelligent infrastructure systems is a government-industryuniversity partnership at the national level, which will have the advantage of operating infrastructure systems as fieldlaboratories. Such a partnership organization would be able to integrate the experiences as well as the organizational and human resources of agencies such as NSF, FHWA, NIST etc. Infrastructure systems may be researched as systems rather than as isolated components (such as an integration of bridge, intelligent transportation systems and multimodal transportation management research), and technology explorations may be designed based on the proper hierarchical process of concept-strategytechnology.
Research in progress towards intelligent bridges
Structural identification research and applications hold the key to rational infrastructure management and intelligent infrastructure applications. The writers and their associates have been exploring the most effective experimental and analytical tools and implementation techniques suitable for accomplishing structural identification of numerous operating and decommissioned infrastructure components in a timely and feasible manner. Progress has been reported in a number of papers and reports (e.g., [15, [18] [19] [20] [21] [22] ). The research team currently operates three highway bridge test-sites designed to extend the data-base which is expected from structural identification of a sample statistical population of steel-stringer bridges to intelligentinfrastructure applications. These test-sites are threespan, steel-stringer bridge highway overpasses located in Cincinnati, and each represents a different phase in the lifecycle of a bridge: birth, middle age and old age. Each is described further in the following.
Instrumented monitoring of an in-service bridge
As discussed above, instrumented monitoring is a key component of any long-term intelligent structure application. In addition, in the short term, instrumented bridge monitoring is expected to complement inspection methods by providing continuous information regarding bridge stiffness distribution, loading environment and safety. Motivated by these observations, the writers have configured a two-phase research plan into instrumented monitoring. During the first phase, the writers conducted a comprehensive survey of commercially available sensors and data acquisition systems, and the most promising sensors have been investigated through a rigorous system calibration conducted in the laboratory [18] . Then using the lessons learned in the first phase, a pilot 64-sensor monitor system was designed and installed on HAM-42-0992, a 10 year old, 55 m (180 ft), three-span, steel-stringer bridge (figure 2).
The bridge has been subjected to numerous experiments and structural identification since 1991 [22] . The monitor system incorporates strain, displacement, rotation, acceleration and temperature sensors, and an ambient temperature, wind and humidity monitor. The monitor has successfully operated for over two years and valuable data have been recorded [18, 21, 22] . In addition to the invaluable knowledge gained by the researchers regarding the performance, installation characteristics, reliability and common failure-modes of the sensors, hardware and software employed for instrumented monitoring [18] , several observations have been made which serve to qualify and quantify some of the fundamental unknowns alluded to in section 2.1 above.
For example, the strain and distortion readings obtained at the bridge are influenced by many factors which can be grouped into the following four main categories:
(1) coordinates of the location and orientation, as well as the mechanical and electronic attributes of the gage, signal conditioning and data-acquisition; (2) exact time the measurement was taken; (3) strain distribution within the structure which can be evaluated in two distinct categories:
• strain distribution caused by changes, i.e., redistributions in the intrinsic forces which have already accumulated within the bridge. Significant magnitudes of intrinsic forces accumulate due to construction and dead-load, followed by long-term and seasonal climactic changes, coupled with corresponding changes in the boundary and continuity conditions, as well as any deterioration occurring over the long term, and any damage due to accidents, natural hazards etc and
• strain distribution caused by natural short-term changes in ambient conditions in the course of a day such as due to temperature differentials which occur within the bridge over several hours to several minutes due to UVradiation, wind etc.
(4) external live-load effects.
These categories are not independent of each other, and it is their interaction which makes the interpretation of actual field measurements from instrumented monitoring systems an extremely complex issue. To illustrate this point, consider the year-long section of data that is presented in figure 3 . The strains captured by the monitor indicate significant stress accumulation, particularly at the acute angles of the abutment. Over the one year period shown, the bridge witnessed a total annual temperature cycle variation of amplitude 100
• F (120 • F ambient). The resulting net strain change at the bridge abutment was observed to be as much as 350 µε, which corresponds to 10.2 ksi of stress accumulation. In addition, it was observed that the stress accumulation was less at the inner girders and decreased with longitudinal distance from the abutments. At the same time, the recorded responses under even the highest traffic loads indicated levels of strain substantially less than that required of the bridge live-load design.
The temperature-related responses overwhelmed the truck responses such that the critical regions of the bridge depended on the changes in intrinsic forces. The data imply that the following phenomena should be explored further: how the climactic and environmental conditions at the time of construction may affect life-cycle performance; how seasonal, monthly, weekly and daily environmental and ambient condition changes may impact damage/deterioration/defects; what are the combined effects of environmental and traffic responses which may be 'in phase' or 'out of phase' depending on the time of occurrence etc.
To carry this discussion one step further, consider the accumulated effect of phenomena such as those discussed above on the use of damage indices calculated using measured responses. Figure 4 describes the problems associated with index stationarity, or the lack thereof. Depending on the time scale with which one tracks the index output, various conclusions may be drawn about the state of health of the structure. Obviously, the implementation of intelligent infrastructures will require the ability to navigate the subtleties of the response of the structure and its associated condition indices on different time scales, to different inputs, e.g., traffic, environmental, damage, deterioration, etc, in order to reach objective, reliable decisions. While the structural reliability of HAM-42-0992 is observed as very satisfactory for safety under traffic load, the design certainly did not account for the forces of nature and how these may influence lifetime performance. It is also observed that because of their magnitudes and variability, unless the changes in intrinsic responses of a bridge are monitored for several years, it may not be possible to differentiate between the impact of deterioration and/or damage from natural changes in intrinsic responses. For this reason, HAM-42-0992 will be monitored for the indefinite future. In addition to fundamental knowledge on bridge behavior, this test site will continue to reveal issues and data related to hardware/software reliability, information technology needs for health monitoring etc. The value of understanding the impact of long-term (approximately 5-7 years) climate cycles on the intrinsic responses and their accumulation within the bridge is also an excellent motivation for the maintenance of HAM-42-0992 as a test-site.
Research on damage detection concepts and tools
A decommissioned, forty year old three-span steel-stringer bridge, HAM-561-0683, has been serving as the test specimen for evaluating different concepts, experimental approaches, algorithms, and hardware/software tools for detecting various types and levels of existing or artificially induced deterioration and damage [19, [23] [24] [25] . Scenarios include long-term deterioration effects such as disintegration of deck concrete due to chemical attack, displacement of abutments, dislocated bearing, frozen bearing, girder fracture, loss of effective area and inertia of girders, breaking of connections between girders and crossframes and loss of bond between reinforced-concrete deck and girders providing composite action. The photographs in figures 5-7 illustrate the bridge, how it has been prepared as a field-laboratory and the implementation of various damage scenarios.
The test bridge has been subjected to a comprehensive set of structural identification experiments both before and after the application of each deterioration, damage or retrofit scenario. The two basic experimental approaches that have been explored for condition and damage assessment are instrumented monitoring and dynamic testing. In the former, a monitoring system comprised of temperature, strain, displacement and acceleration sensors at the critical regions of the test bridge is utilized to record and collect data in several modes: (a) continuous lowspeed monitoring of environmental conditions and bridge responses corresponding to these, as well as to any damage being induced; (b) high-speed monitoring of responses due to ambient or traffic vibrations and (c) the responses under controlled static and crawl-speed truck loading [19] . Along with instrumented monitoring, modal testing has been conducted both by impact and by forced excitation, using a new generation of hardware and software which have been developed for bridge modal testing based on research in the last decade in collaboration with the Structural Dynamics Research Laboratory of the University of Cincinnati [24] [25] [26] .
As with the monitoring project involving HAM-42-0992 discussed in section 3.1 above, the challenges associated with conducting structural identification experiments under field conditions provided the researchers with invaluable knowledge regarding the performance and failuremodes of the sensors, hardware and software employed for modal testing and post-processing [24, 25] . As a specific example, consider the acceleration time traces shown in figure 8 . The diagram gives the responses at location B3 due to impact forces applied at C3 for identical measurements made 4 days apart (4/10/96 and 8/10/96). Despite the apparent correlation of the time responses, frequency domain analysis reveals drastically different characteristics (especially in the phase response) in the bandwidth above 25 Hz. This discrepancy, which was subsequently traced to a de-bonding of the accelerometer at B3, did not appreciably affect the relative mode shapes, but caused large errors in the flexibility generated from modal test results. As a result, we see that cursory, simplistic inspections of raw data or even intermediate post-processed results may not be sufficient to verify data reliability and proper monitoring system operation. We also realize that there may be many modes and manifestations of sensor malfunctions, and some of these are discovered only by experimenting on actual constructed facilities in the field. This observation further highlights the need for monitoring systems, especially those operating autonomously, to have self-checking mechanisms which are themselves 'intelligent'.
These issues aside, the most important intrinsic benefit expected from this research is the scientifically collected data on the impact of typical deterioration and damage scenarios on the local, regional and global state properties of the test bridge, and the effects of environmental conditions on the bridge. Post-processing, evaluation and interpretation of these data is expected to provide answers to the following fundamental questions which are relevant for intelligent-infrastructure applications:
(1) Is it possible to detect structural damage by linearized indices, and what are the most appropriate linearized indices for expressing global health? Table 1 contains a summary of the most common indices proposed in the literature, organized in terms of the possible analytical conceptualization space of the structure and damage.
(2) Can we find rational as well as statistical and heuristic relationships between measurable load and response quantities, global structural condition indices and structural reliability (in particular, symptom-based reliability)?
(3) Can we establish rational relationships between microscopic damage indices (such as those based on micromechanical characterizations), local 'meso-level' defects (such as those measured by local probes such as impactecho), common visual damage and deterioration indices (spall, crack, localized yield, corrosion pitting etc) and 'macro-level' indices such as flexibility? (4) What are the optimum use modes and possible synergies between modal testing and instrumented monitoring for the structural identification and condition assessment of constructed facilities? How can we optimally combine global condition assessment techniques, such as modal testing, and local non-destructive evaluation (NDE) techniques, such as impact-echo? (5) Is it possible to assess structural condition and damage without a baseline? What are the most critical requirements (particularly related to linearity, reciprocity, observability and stationarity) in baseline generation? Can parameter identification, in conjunction with different geometric and numerical characterizations of a bridge, reliably serve for condition and damage assessment?
The test data and results will be made available to the general bridge and structural damage research community via the Internet and multimedia documentation on a CD-ROM. An international panel of experts in mechanical, electrical, aerospace, civil engineering and engineering mechanics, specializing in bridge engineering practice, structural reliability, structural identification, faultdetection, modal analysis and information technology, is participating in the research. The research and the testspecimen will therefore have served as an international testbed for bridge condition assessment and damage detection.
The space limitations of this paper do not permit a detailed discussion of the preliminary findings. However, a major finding that is relevant for health-monitoring has been the interactions between changes in: (a) the ambient conditions; (b) the boundary conditions of the bridge; (c) mechanical conditions and (d) the impact of damage on the mechanical characteristics of the bridge. For example, when the boundary conditions were 'ambiguous', i.e., when the bearings at the abutment were not all in contact and the expansion joints were locked, the bridge mechanical characteristics (frequency and mode shapes) were very sensitive to temperature. While in this condition, the bridge could not be considered stationary during certain periods within a day. Only after stabilizing and 'fixing' the boundary conditions could the bridge be considered stationary for normal variations in ambient conditions. A similar non-stationary behavior was observed after certain types and levels of damage which disturbed the equilibrium of intrinsic forces in the bridges. The bridge had to be subjected to numerous loading cycles and normal ambient condition changes over a period of several days before the mechanical characteristics stabilized (see examples illustrated in figures 9 and 10).
Research results confirmed that incremental flexibility obtained from either modal testing or instrumented monitoring during diagnostic truck-load testing can successfully serve as a damage-and-condition index. Although the individual dynamic characteristics of the bridge, such as various modal frequencies and shapes, were found to be significantly influenced by temperature variations, flexibility proved to be much less sensitive. The researchers were able to design practical modal test techniques which could be executed within an hour, from which the modal flexibility of different girder-lines could be captured with a fine spatial resolution [24] . Additional details can be found in the Proceedings of the 15th International Modal Analysis Conference, recently held in Orlando, FL, where a special session was held focusing on the results of this research project [19, [23] [24] [25] [26] . Figure 10 compares the deflected shapes of one of the bridge girders obtained by virtually loading its modal flexibility by uniform loading. The uniform load deflection profiles were transformed from the results of modal analysis conducted after various damage scenarios on the girder. The girder deflection profiles under uniform load have been observed to be quite sensitive to the local damage scenarios illustrated in figure 10 , as well as to the ambient condition changes which occur in conjunction with and following the damage, as discussed earlier ( figure 9) . Clearly, the interactions between damage, structural behavior and mechanical characteristics and the changes in ambient conditions are very complex and the reliable interpretation from an index, even as conceptual as the deflected shape, is difficult. Obviously, the usefulness of less conceptual indices such as local responses or those which necessitate post-processing experimental data based on analytical or numerical assumptions, such as modal strain energies, should be questioned. Without properly designed and executed scientific research on actual bridges, it would not be possible to identify the phenomena, which is reflected in figures 9 and 10. For example, the errors and confidence associated with the girder deflected shapes from modal analysis have to be identified and proven to be less than the variation in the deflections shown in figure 10 due to damage before one would accept flexibility and deflected shapes as reliable condition indices.
It is possible to confirm the reliability of modal flexibility and establish the accuracy of deflected shapes which are extracted from modal flexibility by correlating deflections obtained from different types of experiment. For example, the girder deflections shown in the lower portion of figure 11 indicate an excellent correlation of bridge deflections along a girder-line obtained by actually measuring the deflections under truck-loads and virtually loading the modal flexibility by the same loads [19, 25] .
Lifetime health monitoring of a newly constructed bridge
A new steel-stringer bridge currently under construction, HAM-126-0881L, has been designated as a test-site for measuring the fabrication and construction-induced intrinsic responses, followed by demonstrations of health monitoring and intelligent infrastructure.
The measurement and documentation of construction and service effects for HAM-126-0881L (see photographs in figure 12 ) is in progress. This will permit an evaluation of the complete and absolute state of force in the bridge over its lifetime, together with the corresponding causative effects or events. A complete sensor suite of over 300 sensors and associated hardware, including a weigh-in-motion (WIM) roadway scale, is included in the construction, and the healthmonitoring system will begin operation as soon as the bridge is commissioned.
Data have been collected by appropriate instrumentation of the girders and the cross-braces prior to critical fabrication steps in the shop (including heat-cambering), and by adding instruments at each subsequent step in the construction. A multitude of electronic sensors representing state-of-the-art technology are being used. The foundation and substructure have been instrumented with sensors integrated in the reinforcement, embedded in concrete and welded on the steel H-piles. Conduits for intermittent inclinometer and extensometer measurements along the drilled shafts, piles and piers have been installed together with soil pressure sensors for measuring abutment-backfill pressure distributions. Relevant atmospheric effects at the site will be monitored with a comprehensive weather station.
Data acquired through different construction phases and during service will be used to conceptualize less understood or unknown phenomena that influence bridge performance, and to verify design assumptions and rating models. For example, the deck-cracking phenomenon significantly influences life-cycle performance and cost. Data relating to the deck construction and the corresponding intrinsic strains and temperatures will help to determine whether these responses and the corresponding stresses could be the principal factors contributing to the deckcracking phenomenon, or whether there are other causative effects that lead to the deterioration of the concrete and of the chemical bond between the concrete deck and the steel grid superstructure. Bridge engineers will be able to evaluate whether there are means of mitigating deterioration by adjustments in our current design, inspection, and maintenance operations. Figure 13 provides the time history recording of the strain resulting at midspan in the steel superstructure due to the pouring of the deck in September 1996. As expected, the net effect is to place the upper flange of the girder into compression, and the lower flange into tension. The net strain offset due to the dead-load of the deck was measured, and compared favorably with analytical results obtained from computer simulations as shown in figure 13 . This observation serves to verify the design calculations. However, if we compare the actual responses measured in the pier columns due to the deck dead-load using the same computer simulation, we find that the comparison is much less favorable ( figure 14) . Observations like this serve to indicate the extent and nature of the fundamental unknowns discussed in section 2.1, and the challenges in properly synthesizing and interpreting measured responses through structural identification.
The data collection study during the construction stage will be augmented by modal testing and other diagnostic tests under controlled truck-loading that will be conducted on the bridge immediately following construction, so that the baseline mechanical characteristics of the bridge can be established and an accurate finite-element computer model can be developed and calibrated. The calibrated analytical model will then be used to transfer the recorded strain, distortion, inclination, displacement and temperature data into the corresponding stresses, forces and reactions. Experimental determination of the bridge state-properties will be intermittently repeated during the service life of the bridge.
Synergy of the test-bed research
As discussed above, each of these bridge test-beds and the associated research projects, when viewed in isolation, provides insights into various aspects of the questions facing infrastructure researchers and designers of intelligent infrastructure. However, when taken together, the sum total of the results obtained from these test-beds has the added benefit of providing a view of the complete life cycle of a bridge. HAM-126-0881L represents the birth of a typical highway overpass bridge; HAM-42-0992 represents a bridge in the early-to-middle age of its life cycle and, finally, HAM-561-0683 represents the old age and accelerated dying process of a bridge. Thus, if we view each of these specimens in a generic context, and appropriately splice the measurements, data, results and understanding taken from each of these test-beds, we arrive at a global understanding of the characteristics and phenomena affecting bridge performance at various stages in the life of a typical bridge. Admittedly, it may not be wise to generalize directly from these three test-beds to characterize all aspects of the class of steel-stringer bridges. However, it is clear that the synergy described here has provided, and will continue to provide, the opportunity to put the various results into context relative to one another. In this way, the research described above leads to the formation of further research questions and directions in a focused and intelligent manner which the writers hope will provide the information needed for intelligent infrastructure development in a more timely, direct and cost-effective manner.
Design of an intelligent monitor
The synergy of the ongoing research and test specimens provide the writers with the capability for a systematic and integrated development of an intelligent health monitor for steel-stringer bridges in the short term and general infrastructure in the long term. The knowledge which is being generated by a rational organization and integration of nondestructive evaluation technologies, the methods of structural identification and concepts of reliability and fault detection has and will continue to allow the writers to explore many of the fundamental unknowns which must be addressed before realistic intelligent-infrastructure applications can be pursued. In addition, the experience gained through experimentation and development on actual operating field structures has and will continue to allow the writers to mitigate the technological barriers to such applications. Taken together, this research will enable the creation of an intelligent system which will be devoted to monitoring the state of health of a sufficiently instrumented and documented bridge, such as HAM-126-0881L.
This monitoring system will sit resident and on-line at the site of a structure in order to provide a continuous assessment of its performance, as shown in figure 15 , to alert officials in the case where the reliability of the structure is reduced to an unacceptable level. At a minimum, it has been established that an instrumented bridge health-monitoring system will be comprised of a collection of sensors and data-acquisition hardware which will act to collect, archive and possibly telemeter various bridge measurements such as strains, deflections, accelerations, temperature, rotation and others. These measurements will, in turn, be used by bridge engineers to complement the subjective visual inspections, and must be sufficient to characterize the structure's response to its ambient loading environment in order to assess structural integrity.
Detected anomalies may trigger an on-site battery of objective NDE tests which would escalate, as needed, in rigor and detail in order to fully appreciate the extent and magnitude of the deterioration and/or damage. As a longrange goal, the bridge monitor may gain an autonomous nature where sensor measurements are gathered and processed, preliminary decisions regarding bridge health are made, immediate corrective actions (such as closing the bridge to traffic) are made and communication with a central information and planning system is regularly maintained.
In addition to the issues cited above, the research activities discussed in this paper have permitted the writers to formulate realistic design criteria for an intelligent monitor; in particular, those criteria related to structural engineering, electrical engineering, cost and reliability and intelligence and information technology. For example, highlights of these design criteria include the following three components which any intelligent infrastructure is likely to possess: (i) Internal intelligence deals with exploring issues related to the ability of the monitoring portion of the intelligent infrastructure to function in a reliable manner, to be self-diagnosing of internal faults, and to notify users of any monitoring system malfunctions. This is required as a minimum since the data gathered by the monitoring system are only useful to the extent that users can be confident that the measurements reflect actual physical phenomena associated with infrastructure variables as opposed to error sources such as noise, sensor failure etc. Considerations in this area include: hardware selection, built-in test, in situ sensor calibration, consistency and threshold checking and system maintainability. (ii) Operational intelligence deals with exploring issues related to the ability of the monitoring portion of the intelligent infrastructure to obtain the proper data and to not miss data collection during critical events or periods in the life of the infrastructure. This is important since the finite memory capacity of the data acquisition hardware necessitates that data be filtered so that only the relevant information is stored. Also, many of the variables of interest have widely varying parameters in terms of frequency content, dynamic range etc. Thus, in order to obtain maximum resolution and signal-tonoise ratios, filtering bandwidths, amplitudes etc must be matched to signal characteristics in a time-varying/adaptive fashion depending on which signal is being measured and for what purpose. Considerations in this area include: automatic start/stop, triggering by clock and/or event, automatic scaling of sensor channel gain/frequency/signal conditioning parameters, anticipated/unanticipated event monitoring and intermittent calibration with controlled inputs.
(iii) Presentational intelligence deals with exploring issues related to the ability of the intelligent infrastructure to pass on only that information which is useful, in both format and content, to the user and to do so in a manner which is user-friendly. The previous two components of consideration have dealt primarily with the mechanics of collecting, processing and storing reliable data. This component focuses on the manipulation of the collected data in a manner that will help infrastructure owners, users, designer etc make sense of them. The monitor system should be able to discern critical occurrences at the service and damage limit-states. It should incorporate an interface with the bridge engineer utilizing visual graphics which would facilitate conceptualizing and reality checking of performance. Finally, it should incorporate an alarm system for alerting the appropriate officials responsible for safety when critical events, such as accidents and damage, are detected. Considerations in this area include: existing knowledge-base incorporation, knowledge-base expansion, information presentation, information archival and warning/alarm hierarchies.
Not until each of these issues have been adequately addressed both in the laboratory and under field conditions will it be possible to develop effective, practical, reliable intelligent-infrastructure systems which realize the full potential of this approach. As a result, the intelligentmonitor research has the following stepwise deliverables which the writers are currently actively engaged in studying:
(1) A qualitative manual of the available controlled tests and long-term monitoring procedures, as well as their necessary sensor types and positioning, for a highway steelstringer bridge.
(2) A set of quantitative models of varying degrees of complexity for incorporation of all measured data from each controlled test and from long-term monitoring. These models may include finite element, 2D grid discretization, mechanical system, thermo-mechanical analysis, stochastic state-space, Kalman filter, fuzzy or heuristic knowledge and others.
(3) The quantitative evaluation of the most promising damage indices for the detection of induced damage types. These indices can be measured under ambient or known loadings and will include structural or member flexibility/damping, deflected mode or structural shapes, modal or other measured frequencies, neutral axis location etc.
(4) A predictive algorithm will be designed to utilize the above model set to detect, locate and identify the induced damage types with a probabilistic measure of its uncertainty.
In this manner, a hierarchical approach to the structural health-monitoring system is being designed and built. The final product is envisioned as an on-site continuous Windows-based health monitor which (figure 15): (a) acquires sensor data at variable sampling speeds; (b) communicates with peripheral devices such as the WIM scale; (c) provides a graphical interface via phone line with a remote engineer; (d) performs simple range and other checks for sensor faults; (e) identifies parameters for a simple mechanical grid model of the bridge; (f) detects any structural degradation or damage via thresholds and (g) has an open architecture for future expansion or connection.
Conclusions
Research being conducted at the University of Cincinnati by a multidisciplinary team of engineers, in the context of an academic-government-industry partnership, is summarized. The research is conducted in the field, taking advantage of operating infrastructure components as both specific and generic test-specimens. The global objective of the research is to generate fundamental knowledge of the actual loading environments and behavior of constructed facilities, in particular, highway bridges. Effective and powerful field experimentation methods which permit accurate and comprehensive structural identification, as well as feasible techniques for rapid assessment of structural condition, have been developed. These technologies are paving the way to the intelligent infrastructure of the future, while also responding to some immediate concerns of officials managing the infrastructure.
The researchers made much progress towards the development of practical, streamlined procedures and simple tools for feasibly testing and monitoring large numbers of bridges. Algorithms are being developed for dynamic programming of modal test and instrumentation applications for feasible and reliable damage detection and health monitoring. Reliable methods by which tools, such as the falling-weight deflectometer currently used for pavement condition assessment, may be adapted to bridge condition assessment are being explored.
Perhaps the most important conclusion which may be derived from the research introduced in this paper is the need for an assessment of the policies, strategies and procedures formulated by federal and state agencies responsible for infrastructure management and intelligent infrastructure. The discussions and examples presented in this paper have clearly demonstrated that effective CIS research and education may have to be conducted by academicgovernment-industry partnerships; may have to be conducted by coordinated teams of researchers from various disciplines; may have to include experiments conducted on operating or decommissioned actual infrastructure components, in conjunction with similitude-scaled physical model and materials tests in the laboratory, and analytical studies and may have to recognize the complex systems nature of CIS and the identification and integration of many complex technical as well as non-technical systems which influence CIS performance and behavior.
This requires much more than the typical NSF initiative of bringing a number of researchers together several times a year in a loosely coordinated manner to conduct research in a certain problem area. CIS-related research and demonstration policies and strategies of all or several of the NRC-TRB, NSF, FHWA, NIST, US Army Corps of Engineers, DOE, DOD and the US Army, Navy and Air Force Research Offices and state and local transportation agencies should be brought together within a coherent framework. We certainly need to approach the problem of starting a new age in CIS engineering in the spirit of a Manhattan Project.
